The effects of wind-forced upwelling and downwelling on the continental shelf off Duck, North Carolina, are studied through experiments with a two-dimensional numerical primitive equation model. Moored and shipboard measurements obtained during August-November 1994 as part of the Coastal Ocean Processes (CoOP) Inner Shelf Study (ISS) are used for model-data comparisons. The model is initialized with realistic stratification and forced with observed wind and heat flux data. Both strongly stratified and weakly stratified conditions, found during August and October, respectively, are studied. August is characterized by fluctuating alongshelf wind direction, and October is dominated by downwelling-favorable winds. The across-shelf momentum balance is primarily geostrophic on the continental shelf. The alongshelf momentum balance is mainly between the Coriolis force and vertical diffusion with additional contributions from the local acceleration and nonlinear advection terms. The model solutions are utilized to acquire detailed information on the time-and space-dependent variability of the across-shelf circulation and transport and to investigate the dependence of this circulation on the seasonal change in stratification. When the stratification breaks down, as in October, the across-shelf transport is reduced significantly in comparison with the theoretical Ekman transport for large wind stress values. The paths of individual model water parcels are traced using two methods: calculation of Lagrangian trajectories and time evolution of three Lagrangian label fields. The August period produces complex Lagrangian dynamics because of the switching between upwelling and downwelling winds. The October period illustrates a mean downwelling response that advects parcels across and along the shelf and vertically.
Introduction
The phenomena of wind-driven coastal upwelling and downwelling are of significant interest because of their widespread impacts on the physics and biology of many continental shelves throughout the world. Large observational efforts, such as the Coastal Ocean Dynamics Experiment (CODE) off San Francisco during 1981-82 and the Coastal Ocean Processes (CoOP) Inner Shelf Study (ISS) off Duck, North Carolina, in 1994 , have been conducted with major goals of understanding wind-driven flows. The CoOP ISS had a primary interdisciplinary purpose of quantifying the across-shelf transport of sediments and the planktonic larvae of inner-shelf benthic invertebrates (Austin 1998) . The central element of the field program was an across-shelf array of sensors to collect time series of biological, sedimentological, and physical variables for the period of August-November 1994 (Butman 1994) . Dynamical analysis of the CoOP data can be found in , Lentz (2001) , Austin and Lentz (1999) , Austin (1999) , and Rennie et al. (1999) . In addition, modeling studies using the two-dimensional approximation (variations across shelf and with depth; uniformity alongshelf ) have been conducted with idealized upwelling and downwelling wind forcing (Austin and Lentz 2002) .
The purpose of the present study is to understand basic characteristics of the shelf response to observed variable winds during the CoOP ISS for both stratified (August) and unstratified (October) conditions. We use the Blumberg-Mellor (1987) primitive equation model formulated for the two-dimensional situation. We force the model with measured hourly wind and heat flux data and make direct comparisons of model results with the CoOP observations. Estimates of across-shelf transport are computed and examined in detail during the stratified and unstratified periods. Across-shelf transport is a primary element of wind-driven upwelling and downwelling, though it is not well understood (Dever 1997; Lentz 2001 ).
An additional goal is to examine the model solutions from a Lagrangian point of view. Existing particle-tracking techniques are applied to the model shelf flow field to obtain insight into wind-forced fluid parcel transport. We also introduce a technique of advecting Lagrangian label fields by the model velocities for comparison with K U E B E L C E R V A N T E S E T A L . .
the modeled water parcel tracks. Lagrangian mean velocity fields (or mean velocity patchiness plots) provide information about the three-dimensional Lagrangian circulation. The outline of the paper is as follows. The CoOP field study is described in section 2. The numerical model setup and the particle tracking techniques are described in section 3. Results from the model runs and the Eulerian analyses are discussed in section 4. The Lagrangian results are presented in section 5. A summary is given in section 6.
Background
Observational data were collected near the U.S. Army Corps of Engineers Field Research Facility (FRF) at Duck (36.18ЊN) from August through November 1994 (Butman 1994 ). The location is midway between Cape Henry (36.92ЊN) and Cape Hatteras (35.27ЊN). Two rigid towers in 4-and 8-m depth and three surface/subsurface mooring pairs in 13-, 21-, and 26-m depth were deployed along a 16-km across-shelf transect , as shown in Fig. 1 . In addition, the 21-m site included a vector-averaging wind recorder meteorological package that measured air and near-surface water temperature, shortwave and longwave radiation, wind velocity (3.5 m above the sea surface), barometric pressure, and relative humidity (Austin 1999) . Wind velocity was also measured 19.5 m above the sea surface on the FRF pier. Additional hydrographic data were obtained through intensive shipboard surveys conducted along the same central mooring line during the months of August and October to provide better spatial resolution relative to the moored data (Waldorf et al. 1995 (Waldorf et al. , 1996 .
All vector time series were rotated to a coordinate system based on the coastline orientation with the alongshelf coordinate y positive toward 340ЊN and the acrossshelf coordinate x positive offshore. A detailed description of the data processing can be found in and Alessi et al. (1996) .
Time series of winds, currents, surface heat flux, temperature, and salinity are shown in Fig. 2 for the period 7 August-15 November 1994. To focus on subtidal dynamics that are of interest in this study, the time series have been low-pass filtered using a 38-h half-power point filter. The winds vary on a timescale of 3-7 days between upwelling favorable (northward) and downwelling favorable (southward) during August and September, but in October and November are dominated by downwelling events. The heat flux time series (with a gap from 4 September-7 October) illustrates more surface heating during the summer month of August than in October. The heat flux is significantly correlated with the alongshelf wind stress due to the passage of atmospheric cold fronts, which cause the fluctuating alongshelf wind direction in August and September VOLUME 33
Time series of wind stress vectors calculated from measurements on the FRF pier, depth-averaged current vectors from mooring measurements in 26-m depth, total surface heat flux, and salinity and temperature at three depths from mooring measurements in 26-m depth. The vectors are plotted in the x, y coordinate system described in the text where positive y is aligned along 340ЊN and is generally northwestward. All time series have been low-pass filtered using a 38-h half-power point filter. (Austin and Lentz 1999) . The depth-averaged currents from the 26-m site are southward and onshore in the mean. Also plotted in Fig. 2 are temperature and salinity at three depths from the 26-m site. The evolution in vertical structure is evident in these time series. Strong vertical gradients in both temperature and salinity are observed throughout August until 4 September at which time a southward storm mixes the water column. After this event, the temperature and salinity show events of warm, fresh surface waters entering the region in September following southward winds.
Methods

a. Model description
The numerical model is a two-dimensional version of the Princeton Ocean Model from Blumberg and Mellor (1987) . The model equations are the hydrostatic primitive equations in sigma coordinates. The Mellor-Yamada (1982) turbulence closure scheme, as modified in Galperin et al. (1988) , is embedded. The model domain is an across-shelf (x, z) section bounded by vertical walls at the coast and offshore boundary. There are no variations in the alongshelf (y) direction. The boundary conditions on the velocity components at the coastal and offshore boundaries are no flow in the across-shelf direction (u ϭ 0) and free slip in the alongshelf direction ( x ϭ 0).
b. Model setup
The initial state of the model experiments is a coastal ocean at rest with horizontally uniform temperature and salinity fields. The model is forced by spatially independent wind stress components sx and sy computed from the winds measured at the FRF pier [using a wind speed-dependent drag coefficient as in Large and Pond (1981) ] and shortwave radiative heat flux Q sw and the sum of the longwave and turbulent fluxes (Q lw ϩ Q sen ϩ Q lat ) computed at the 21-m surface mooring (Austin and Lentz 1999) . The wind and heat flux forcing is by the observed hourly values, which are interpolated to the model time step.
The model bathymetry is characteristic of that off Duck ( Fig. 1 ) with a relatively steep slope from the coast to about 20-m depth and a gradual slope offshore of the 20-m isobath. The rather complex bathymetric features offshore of 20 m evident in Fig. 1 are smoothed for the numerical experiments. Separate experiments are performed for August-September and for October. The initial temperature and salinity fields are discussed in section 3d (Fig. 3) . 
c. Lagrangian calculations
Coastal ocean models are typically formulated and analyzed in terms of Eulerian variables with little consideration given to a Lagrangian interpretation. Here, we pursue also a Lagrangian description. For that purpose, we utilize the Lagrangian information that is directly available from the model and consider the motion of model fluid parcels that are advected by the modelresolved velocity field. Since the model also includes a parameterization of small-scale turbulence, these Lagrangian parcel trajectories comprise only the resolved part of the full fluid motion represented in the model. The interaction between advection and diffusion is a rich aspect of classical fluid mechanics (e.g., Taylor 1953 Taylor , 1954 and we believe that analysis of explicit Lagrangian motion in models will be important to improved understanding of such interactions in the coastal ocean.
Lagrangian fluid motion is calculated using two different techniques. The first approach involves computing parcel trajectories by solving the differential equations
as done, for example, by Chen and Beardsley (1998) . A set of parcels are indexed by their initial positions on a grid of 30 levels and 160 x positions (approximately 1-m resolution in z and 1.25-km resolution in x). Numerical solutions to (1) are calculated utilizing a fourthorder Runge-Kutta scheme. The time step used for the Runge-Kutta scheme is the model internal time step. The updated positions obtained from the equations are saved hourly for each initial parcel position. Interpolation of all three components of velocity to the parcel positions after each iteration is bilinear. In addition to tracking individual water parcels, we utilize a second technique that gives Lagrangian trajectories for a continuous field of parcels. For calculations without errors, that is, those performed in the limit of vanishing spatial grid sizes and time steps, the Lagrangian parcel trajectories obtained from both techniques would be equivalent. This second approach involves the definition of three Lagrangian label fields that are ad- X(x, z, t), Y(x, y, z, t), and Z(x, z, t) , satisfy the following equations:
The initial conditions are
With the two-dimensional approximation for the Eulerian flow we obtain
Dt ‫ץ‬y and so we can write
and we can determine Y by solving for YЈ, where
Dt
As will be shown in section 5a, examination of the time evolution of the label fields helps to provide insight into the Lagrangian characteristics of the flow. The labels X, Y, and Z are calculated as fields on the model grid with the higher-order accurate advection scheme of Smolarkiewicz (1983) using three iterations of the corrective step. Displacements are obtained by differencing the initial and final values at a given grid point in x-z space. We note that the evolution of the Lagrangian label fields is completely determined by advection with the modelresolved velocity fields. Consequently, the behavior of the labels will differ from that of passive tracer fields that are diffused by the effects of small-scale turbulence. This difference is shown explicitly by analysis of results from comparable experiments in section 5a.
d. Model sensitivity
To determine the sensitivity of the model to initial conditions, we initialize with three different temperature and salinity fields and compare the model results to alongshelf velocity and temperature data for the months of August and October. The three initialization fields consist of the monthly means of temperature and salinity from the mooring data, mooring data from 7 August and 6 October (the first day of the model experiments), and shipboard data from 11 August and 10 October (the first shipboard observations). A summary of the model sensitivity analysis and the resulting depth-averaged modeldata correlation coefficients is shown in Table 1 . It is apparent from this summary that the correlation coefficients are improved for the month of August with the 7 August observed initial temperature and salinity. The remaining sections of the paper will therefore discuss the results using the initial fields from 7 August. For the month of October, the differences in Table 1 are small. For consistency we use the 6 October observed initial temperature and salinity for the October run (Fig. 3) .
Eulerian analysis a. Model-data comparisons
We perform several model-data comparisons utilizing the data from the CoOP experiment. Hourly depth-averaged alongshelf currents from the model and the observations at the five mooring locations are shown in Fig. 4 for August-September and October. Agreement is generally good in August, with the lowest correlation at the 26-m mooring. The model appears to underestimate the effect on the alongshelf current of downwelling-favorable winds ( y Ͻ 0). Presumably, this is caused by the neglect of an alongshelf pressure gradient force in the model, which was shown to be important in forcing southward currents during downwelling-favorable winds by . The alongshelf pressure gradient is associated with the Chesapeake Bay plume waters that flow southward during the study period and reach Duck about 1-1.5 days after the relaxations of upwelling winds (Rennie et al. 1999) . Generally good agreement of alongshelf currents is also found in October. The observations have greater standard deviation values than the model for August and October at all VOLUME 33 locations (Table 2 ). The magnitudes of the October means from the observations are larger than those from the model, and both model and observations are southward in the mean at all mooring locations. The August model means are northward at all sites, while the observations are southward, although the magnitudes are small in comparison with those in October. The rootmean-square error values are maximum at the 13-m mooring for both months and minimum at the 4-m mooring in August and the 8-m mooring in October. The modeled and observed alongshelf currents also agree well at all depths at each site. The modeled and observed across-shelf velocities have fair agreement in August but poor agreement in October (Table 3) .
Shipboard across-shelf transects collected by Waldorf et al. (1995 Waldorf et al. ( , 1996 are also compared with the model temperature field. These across-shelf sections occurred on 7 days in August and 11 days in October and extended from 1 to between 20 and 50 km offshore. The mean and standard deviation of temperature from these dates are computed from the model, the shipboard observations, and the mooring data. These results are plotted as contours in offshore distance and depth in Fig.  5 . Mean model temperature agrees well in August, cap- turing the observed thermocline depth and upward tilt of isotherms near the coast. Variability in the depth of the thermocline throughout the month, as shown by the high standard deviation values between depths of 10 and 15 m, is apparent in both the model and the data. However, the data show that this variability extends to the coastal boundary, and the model only displays high variability offshore of 20 km. In October, the model is warmer than the observations by about 2ЊC and shows less variability about the mean temperature field than is observed. The model and shipboard observations diverge on 12 October, at which time a strong downwelling event and associated cooling are observed in the study region (Fig. 2) . The model temperature field does decrease during this period, but not as significantly as the observed temperature. Austin (1999) found that the drop in area-averaged water temperature observed in October was due to both surface heat loss and the alongshore transport of heat. The alongshore heat flux was significant during the period of 10-13 October and during three additional 1-3-day periods throughout October, though usually slightly less than the surface heat flux. The model contains a time-varying surface heat flux component, but no alongshore heat flux gradients. The neglect of this process is likely the cause of the model's underprediction of the temperature decrease in October. Salinity comparisons (not shown) reveal variability in the observations at all mooring locations that is not captured by the model. The likely reason for this disagreement is again the neglect of three-dimensional effects, which leads to the exclusion of fresh Chesapeake Bay plume water observed in this region.
b. Dynamical analysis
Having demonstrated the model's ability to represent fields of interest, we now analyze the resulting flow behavior and the dynamics from each monthly simulation. An overview of the general flow behavior is shown by contour plots of the monthly mean and standard deviation of potential density , streamfunction , alongshelf velocity , and across-shelf velocity u in Fig. 6 for 7-30 August and 6-29 October. It is clear that August is strongly stratified with a mean upwelling circulation, while October is weakly stratified with a mean downwelling circulation. August also has a mean VOLUME 33 northward coastal jet with velocities greater than 0.05 m s Ϫ1 and a region of southward velocities of 0.03 m s Ϫ1 just offshore of and below the coastal jet. This structure is due to upwelling winds modified by the intermittent presence of downwelling-favorable winds throughout the month. October has southward velocities everywhere on the shelf, with the strongest values offshore of 20 km and from the surface to about 15-m depth. Mean offshore flow in August is concentrated in a 10-m surface Ekman layer. The mean onshore return flow is in a thin bottom boundary layer extending to 30 km and evenly distributed throughout the water column offshore of 30 km. In October, mean onshore surface flow and offshore bottom flow are in layers about 15 m thick separated by a thin (Յ5 m) middle layer with little across-shelf motion.
Much of the variability in lies within 10 km of the coast and in within 20 km of the coast where the isopycnal advection and the alongshelf jet reverse direction in response to the changing winds. In August, a region of strong variability in also occurs between depths of 10 and 15 m offshore of 20 km because of the changing pycnocline depth. The width of variability in the density and alongshelf velocity fields depends on the forcing and initial stratification. In additional numerical experiments in which we vary the magnitude of the alongshelf wind stress from 0.125 sy to 4 sy , we find the offshore scale of the jet varies with the smallest scale of 8 km for 0.125 sy and the largest scale of 40 km for 4 sy . The scale of the fluctuations in the density field vary in a similar manner. For reference, we calculate the Rossby radius of deformation R D for the first baroclinic mode as a function of offshore distance by solving the vertical eigenvalue problem using the local water depth and initial stratification and assuming a flat bottom. The value of R D increases rapidly from less than 1 km near the coast (x Յ 3 km) to 7.5 km for x Ն 40 km and is independent of | sy | . Consequently, we conclude that the offshore scale of the fluctuations in the coastal jet is related to the magnitude of sy and is not characterized by R D alone.
The mean alongshelf momentum balance terms in August and October are plotted in Fig. 7 . For convenience in the following discussion, we write the terms in Cartesian coordinates (x, z) with velocity components (u, w). The alongshelf balance is dominated in both months by the Coriolis force fu and vertical diffusion (K M z ) z , but in August contributions from the nonlinear advection terms, (u) x ϩ (w) z , are significant from the coast to about 10 km offshore (20-m depth) and the local acceleration term t plays a role in the balance offshore of 10 km. In a 2D modeling study of upwelling on a stratified shelf with idealized wind forcing, Austin (1998) found a balance between the Coriolis force and vertical diffusion with a contribution from the local acceleration term in the upper 10 m offshore of the upwelling front. The Austin (1998) dynamical balances are similar to those found in the present study with forcing by observed winds during August, with the exception of the importance here of the nonlinear terms. The mean across-shelf balance (not shown) is dominated by geostrophy in both months with contributions from vertical diffusion, nonlinear advection, and acceleration in August.
The nonlinear advection terms contribute to the depth-dependent alongshelf momentum balance during upwelling-favorable winds when the wind stress is greater than about 0.05 N m Ϫ2 . They make a much smaller contribution during downwelling with winds of comparable magnitude. The reasons for the different magnitudes of the nonlinear advection terms during upwelling and downwelling may be seen from plots of these terms together with the field and streamfunction during upwelling and downwelling events with similar sy magnitude on 18 August and 17 October, respectively (Fig. 8) . The nonlinear advection terms may be written as u · ١ ϭ u x ϩ w z , which corresponds to a spatial derivative of in a direction tangent to the streamlines ϭ const. The relative intensity of the across-shelf circulation can be estimated from the spacing of the streamlines. Thus the magnitude of the term u · ١ can be qualitatively assessed from the streamline spacing and the gradient of along streamlines. During upwelling, a narrow and well-defined northward coastal jet forms near the surface (Fig. 8) . A region of significant positive across-shelf and vertical gradients in is found from the surface to about 15-m depth near the coast, an area of relatively concentrated upwelling circulation, resulting in large positive advection values. From 10 to 25 km offshore, the nonlinear terms are negative in the top 10 m because of the negative acrossshelf gradient in . The structure of the nonlinear terms on 18 August (Fig. 8) is typical of upwelling events throughout August and is consistent with the August mean (Fig. 7) . During downwelling on 17 October, the jetlike structure of the alongshelf velocities is less pronounced than during August upwelling. Gradients of are relatively weak in both x and z and the across-shelf downwelling circulation occurs over a larger region and is generally weaker than the August upwelling circulation. The resulting nonlinear terms in October (Fig.  8) are noticeably different from zero only in a small region near the coast where x is largest. This structure again mirrors that in the October mean (Fig. 7) . Similarly, the nonlinear terms are relatively unimportant during downwelling in August (7-9 and 23-25 August), although the alongshelf velocity structure is complicated by the intermittent upwelling forcing.
It is also instructive to examine the time-dependent behavior of terms in the depth-averaged momentum balances. The depth-averaged alongshelf momentum balance is dominated at the 4-and 8-m moorings by the surface and bottom stress terms with a contribution from nonlinear advection. The slope of the regression line between nonlinear advection and wind stress during upwelling conditions (positive wind stress) is close to 1 at both moorings, but is very small and negative during downwelling conditions (Fig. 9) . The regression slope between wind stress and bottom stress is almost 1 during downwelling and is smaller during upwelling. These results support the finding of an asymmetry in upwelling and downwelling dynamics described in the previous paragraph. During upwelling, nonlinear advection is of order-1 importance in the depth-averaged alongshelf balance at 4 and 8 m. In contrast, the balance during
Scatterplots of terms (m 3 s Ϫ2 ) in the depth-averaged alongshelf momentum balance at 4 and 8 m from AugSep and Oct. The upper panels show the nonlinear terms on the y axis and wind stress on the x axis. The lower panels show the bottom stress on the y axis and wind stress on the x axis. Points plotted as squares represent positive wind stress (upwelling), and circles denote negative wind stress (downwelling).
downwelling is mainly between wind stress and bottom stress. The local acceleration term also enters the balance at the three offshore moorings with increasing importance offshore. The alongshelf pressure gradient force, which is not represented in this model as discussed in section 4a, was found from analysis of the observations to be significant in the alongshelf momentum balance offshore of 13 m by . The depth-averaged across-shelf balance (not shown) is dominantly geostrophic at all sites. Note that we neglect the across-shelf gradient of the radiation stress term S xx and the associated contribution of wave-driven setdown caused by nonbreaking surface gravity waves or set up inside the surf zone, which was found to be significant at depths of 13 m or less in the observations of .
In Figs. 10 and 11, we examine the characteristics of a strong downwelling wind event that occurred during 4-5 September. Prior to the event on 2 September, the isopycnals are upwelled near the surface and downwelled near the bottom as a result of the time-varying alongshelf wind direction. The Coriolis and vertical diffusion terms show a surface Ekman layer with onshore velocities. This surface layer deepens on 3 September in response to an increase in southward winds. A bottom Ekman layer is also apparent. By 4 September the isopycnals show the development of a sharp downwelling density front that has been advected 10 km offshore. The surface and bottom layers are almost 15 m deep. Strong downwelling circulation offshore of 15 km is apparent in . The density front continues to move offshore, as seen on 5 September, leaving a well-mixed region with the least dense waters 10-15 km offshore. Vertical velocities in the strong downwelling region of the front are about 2 ϫ 10 Ϫ4 m s Ϫ1 . The position of the front is also clear from the Coriolis and vertical diffusion terms that show deep frictional Ekman layers offshore of 30 km with much smaller values onshore of 20 km in the well-mixed region. The acceleration and nonlinear advection terms (not shown) are much smaller than the Coriolis and vertical diffusion terms throughout the event (3 ϫ 10 Ϫ6 m s Ϫ2 ). The variations in the temperature field (Fig. 11) are similar to those of density (Fig. 10) . The offshore ad- vection of the temperature front is apparent. The dominant balance in the temperature equation is between vertical diffusion, Ϫ(K H T z ) z , and advection, (uT) x ϩ (wT) z . In the surface layer throughout 2-5 September, advection is positive and slightly larger than diffusion, producing a negative tendency T t . The vertical advection term is of order 10 Ϫ5 ЊC s Ϫ1 , and so horizontal advection dominates. In the bottom layer, the signs are opposite, and so T t is positive and larger than in the surface layer. These surface and bottom layers grow throughout the event and move offshore just as the Ekman layers do (Fig. 10) . This deepening is due to increased vertical mixing and advection as the wind stress increases.
The model simulations do not restratify following this strong downwelling event. The mooring data, which only extend to about 15 km offshore, agree with this result with the exception of warm, fresh surface waters that enter the region following southward winds (see Fig. 2 ). Unfortunately, no shipboard data exist for the September time period.
c. Across-shelf transport
One of the goals of this modeling study is to understand the nature of across-shelf transport during wind events. In order to investigate this, we look at the dependence of the across-shelf circulation on stratification. As expected, the low-pass filtered surface velocities at the 21-and 8-m mooring positions are offshore during upwelling-favorable wind events and onshore during downwelling-favorable wind events (Fig. 12) . This surface flow is balanced at 8 m by a bottom flow in the opposite direction that is smaller in magnitude but extends over a greater depth. The vertical diffusion of across-shelf momentum extends throughout the water column at 8 m for | sy | greater than about 0.05 N m Ϫ2 . During upwelling (K M u z ) z is positive and during down- welling it is negative. Before the 4 September storm, the velocity profile at 21 m is more complex than at 8 m. The vertical mixing layers extend only about 8 m from the surface and bottom, and values in the interior are close to zero. Depth-time contours of K M (not shown) show a very similar spatial pattern to (K M u z ) z . The bottom panel of Fig. 12 shows the breakdown of stratification in at 21 m on 4 September and the weakly stratified water column that is maintained following the storm. At 8 m the water column becomes unstratified about 10 days earlier than at 21 m. After 4 September, the across-shelf velocity structure at the two sites is more similar and mixing extends from the surface to the bottom during relatively weak wind events. This indicates that stratification plays an important role in the qualitative nature of the across-shelf circulation.
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It is useful to examine the model output in a manner similar to the analysis of Lentz (2001) , who shows that observed surface and bottom transports are reduced relative to theoretical Ekman transports during unstratified periods with sy Ն 0.1 N m Ϫ2 . The following discussion illustrates that the theoretical Ekman transport is a good approximation of the across-shelf transport for stratified conditions but is invalid for unstratified conditions. This is because the assumption that the internal stress is small compared to the surface and bottom stress is incorrect when the water column is unstratified. The theoretical Ekman transports, obtained from the depth-integrated alongshelf momentum balance for steady flows with small nonlinear terms, are In a two-dimensional shelf flow, if the surface and bottom transports are smaller than the Ekman transports (8), then the across-shelf circulation has been reduced (Lentz 2001) . This typically occurs if frictional effects are important throughout the water column so that the surface and bottom boundary layers merge. The wind stress sy is computed as described in section 3b. The bottom stress by is computed in the model using a quadratic drag law, We compute the total offshore transport from the model, denoted as T ϩ and defined as the depth integral of the quantity U ϩ multiplied by the sign of u at the surface, where U ϩ ϭ u for u Ն 0 and U ϩ ϭ 0 for u Ͻ 0 (Fig. 13) . Positive values indicate offshore transport in the surface layer (upwelling), and negative values indicate offshore transport in the bottom layer (downwelling). The value of T ϩ during downwelling events on 24 August and 4 September are shown at the top of Fig. 13 . The offshore transport is less between 3 and 7 km during the strong downwelling event on 4 September when the stratification breaks down, even though the 24 August event has a smaller wind stress magnitude. Here T ϩ is much less than the Ekman transport y / 0 f on 4 September out to 15 km offshore, at which point it begins to increase and reaches the Ekman transport value (3 m 2 s Ϫ1 ) at 30 km offshore. This is also reflected in the time series of T ϩ and y / 0 f in Fig. 13 (bottom) , in which the theoretical Ekman transport (thin lines) is much larger than that from the model at both mooring locations. During stratified conditions throughout August, the theoretical and modeled transports are very similar at 21 m. At 8 m the modeled transports are smaller, consistent with the values of T ϩ increasing offshore. Consequently, the 15 August upwelling event at the top of Fig. 13 shows comparable values of T ϩ and y / 0 f offshore of 6 km (15-m depth). In October, when the shelf is weakly stratified, the offshore Ekman transport is significantly larger than T ϩ during three periods (12, 14-18, and 28-29 October), all strong downwelling events. The event on 12 October is shown at the top of Fig. 13 with much larger Ekman transport than T ϩ . The vertical diffusion of momentum is important throughout the water column during these periods (Fig. 12) , in contrast to the stratified periods during which it is restricted to the surface and bottom Ekman layers.
Similar results were found first by Lentz (2001) using across-shelf transports calculated from the mooring data in the CoOP experiment. He estimates the resulting dependence of the across-shelf transport on sy / 0 f for stratified and unstratified conditions. The numerical model used in this study allows for the direct calculation of across-shelf transport and vertical stress fields. The results show that following the stratification breakdown on 4 September, the across shelf transport is significantly less than the theoretical Ekman transport for strong winds (Fig. 13) . The vertical mixing in the interior also increases during these conditions (Fig. 12) . This is consistent with the conclusions of Lentz (2001) .
Lagrangian analysis a. Lagrangian label fields
In order to understand the impact of wind events on model water parcels on the shelf, we examine the Lagrangian labels and parcel trajectories described in section 3c during August and October. Comparison of the X and Z distributions throughout August (Fig. 14) and (Fig. 16) with the initial distribution (top row) shows significant motion across the shelf and vertically. The label Y (5), plotted as distance in kilometers for parcels initially at y ϭ 0, shows alongshelf motion of up to 40 km in each direction. During the first few days of August, when downwelling winds persist, parcels in the surface layer are advected onshore from x ϭ 50 km to x ϭ 10 km, vertically downward to 25-m depth near the coast, and southward 40 km. The interaction between downwelling and upwelling responses results in complex features, such as the filament of high X values that remains onshore at depths of 5-10 m after downwelling at the beginning of August. Although the filament retreats slightly on 19-23 August during upwelling, it grows again on 27 August as downwelling winds return. This feature corresponds to the large positive Y values (southward advection) in the same location, also due to downwelling. The low X values that begin the simulation onshore of 10 km also experience significant across-shelf, alongshelf, and vertical motion. The location of these X values near the coast on 27 August corresponds with large negative Y values (northward advection), illustrating that parcels in this region are being advected northward 40 km as well as being pushed upward and offshore. In Z, a filament of high Z values upwells to the surface on 19-23 August and remains near the surface on 27 August after the onset of downwelling winds.
The difference in surface Ekman layer thickness during upwelling and downwelling (Fig. 14) is an additional example of asymmetry between upwelling and downwelling responses. This is also observed in the mean Eulerian velocities (Fig. 6 ). While differences in stratification play an important role in the dynamical contrasts between August and October seen in Fig. 6 , the stratified shelf in August reacts differently to upwelling and downwelling. On 11 August, the surface layer extends to 10-m depth during downwelling forcing. On 23 August, the surface layer is only about half as deep during upwelling forcing of similar magnitude and duration.
We examine the impact of the 4 September storm on the motion of model water parcels by initializing the Lagrangian label fields on 1 September and following their evolution through 5 September (Fig. 15) . The storm has a significant effect on the motion of model water parcels. Surface parcels are moved up to 40 km onshore during 2-5 September and parcels from the coast to 40 km offshore are moved down as much as 20 m. Water parcels in the bottom layer move as much as 30 km offshore, as shown in the filament of blue X values on 4-5 September. We also utilize the storm period to compare the time evolution of the label fields with that of passive tracer fields that directly feel the effects of model-parameterized vertical turbulent mixing. Three passive tracer fields are initialized on 1 September in the same manner as the label fields. The results of this experiment are shown in the right columns of Fig. 15 . A comparison of the evolution of the label and the tracer fields illustrates the differences in their behavior. The apparent across-shelf motion is greatly decreased for the tracers and occurs in vertically mixed surface and bottom layers. Filament structures such as those shown for the labels do not develop in the acrossshelf direction. However, isolated features extending in the vertical are apparent for the tracers on 4 and 5 September. The yellow feature on 4 September located about 20 km offshore corresponds to a downward bend in the contours of the label X in the far left column. Similarly, a dark red feature in the X tracer on 5 September at 40 km offshore corresponds to a feature extending to 30-m depth in the X label. Advection is responsible for the across-shelf movement of the labels; the small-scale structures result due to across-shelf and vertical variability in model velocities. The Z tracer field shows the results of offshore advection of water parcels in the bottom 20 m on 3-5 September and vertical mixing onshore. Turbulent mixing processes in the tracer equations act to break down the vertical structure that appears in the label fields, but the X tracer examples show that filament-like features may still develop in the tracer fields.
In October, the motion of parcels reflects the dominance of downwelling winds (Fig. 16) . High X values initially at 30-50 km in the surface layer move all the way to the coast and are then advected vertically downward, as seen on 18 October. The Y label shows the development of a wide region of southward alongshelf velocities extending from 20 km offshore and from the surface down to 25-m depth. A striking response of the low X values initially within 10 km of the coast, and the low Z values initially within 10 m of the surface, to the persistent downwelling winds is also seen on 18-26 October. As parcels in these regions are advected downward and offshore, a small patch is advected upward again at about 20 km offshore. This patch becomes trapped in the interior region. Meanwhile, the surface fluid continues to be advected onshore and the bottom fluid offshore. By 26 October, almost all of the Z values initially below 20 m have been advected offshore of 40 km. The region onshore of these Z values on 26 October corresponds to smaller values of southward advection in Y. The parcels that are being advected vertically down the shelf and offshore in the bottom layer by downwelling forcing are advected less in the alongshelf direction than those parcels being pushed onshore in the surface layer.
b. Lagrangian mean velocities
Lagrangian mean velocities at time t for a fluid parcel with coordinates [x(t), y(t), z(t)], located initially at [x(0), y(0), z(0)], are given by Sep event. The labels and tracers are initialized with the distribution shown in the top row at 1200 UTC 1 Sep.
The Lagrangian mean velocities are contoured as a function of [x(0), z(0)] for the months of August (Fig. 17) and October (Fig. 18 ). In the dynamical systems field, this type of presentation is labeled a ''mean-velocity patchiness'' plot (Malhotra et al. 1998) . These plots are created from both the trajectories of the parcels (rows 1 and 3) and the final distribution of the X, Z, and Y labels (rows 2 and 4). For each method, the mean velocity is contoured as both a function of its initial position [x(0), z(0)] (top 2 rows) and also of its final position [x(t), z(t)] (bottom 2 rows). This presentation provides two different perspectives on the mean motion of fluid parcels. One can determine both the mean velocity of a parcel initialized at a given location and the mean velocity of a parcel that ends up in a given location.
An important characteristic to notice is the general similarity between the parcel tracking and label methods, giving confidence in the consistency of the Lagrangian parcel tracking scheme and the label advection technique. As a check, additional parcel tracking experiments were performed by adapting a fourth-order Milne Predictor-Hamming Corrector method implemented in the Regional Ocean Model System (ROMS) for use here. Differences in Lagrangian mean velocities obtained from the Runge-Kutta and Milne-Hamming methods were small in comparison with the velocity magnitudes.
In the patchiness plots, areas of significantly different mean velocity from the surrounding region are called patches. Patches can give insight into some important aspects of the Lagrangian characteristics of the flow, such as locations in which fluid parcels disperse at higher speeds and the presence of coherent structures (Malhotra et al. 1998) . In our application, we identify patches resulting from the numerical simulation of wind-driven VOLUME 33 flows and attempt to understand the significance of these patches and their locations in terms of the Eulerian dynamics discussed in section 4b. In August (Fig. 17) , three distinct regions of significant Lagrangian mean velocity are apparent as a function of initial position. In the top 5 m the mean u l is large and positive and l is large and mostly negative. Regions of opposite sign of both u l and l are present just below this surface layer. A large patch of positive w l near the coast from 10-to 30-m depth coincides with a patch of negative u l . These patches are also present when the velocities are contoured as a function of final position. A comparison of the initial and final position plots allows a straightforward look at where patches, beginning at some initial location on the shelf, were displaced. The patch of positive u l in the surface layer is displaced offshore, illustrating that these parcels are advected offshore about 50 km over the August period. The region of negative u l below this is displaced only about 10 km onshore of its initial location because it is advected onshore at a much slower mean velocity. The positive w l patch near the coast is found from the surface to 15-m depth, having been advected upward and onshore by upwelling velocities during August.
The resulting 3D response of fluid parcels to upwelling and downwelling winds in August is thus the following: parcels originating in the patch from 5 to 20 km offshore and extending 5 m from the bottom are advected upward and onshore; parcels originating in the top 5 m are advected offshore and southward; and parcels originating just below this surface layer and onshore of 20 km are advected offshore and northward, while parcels originating below the surface layer and offshore of 30 km are advected onshore and southward. The existence of a region of onshore and southward mean velocity near the surface is a result of the downwelling winds. There are also parcels that move downward. The label and parcel tracking results both show a region of negative w l offshore of the large positive patch. This downwelling patch is offshore of the upwelling patch because the downwelling response extends farther offshore than the upwelling response. The magnitude of the downwelling vertical velocities is less than that of the upwelling vertical velocities because upwelling dominates during the month of August. However, the dominant upwelling forcing does not obscure the effect of downwelling in this region.
In October (Fig. 18) , the existence of patches is less clear because of the persistence of downwelling winds and hence the overall larger range of mean Lagrangian velocities as compared with August. A region of large negative u l is found for initial positions in the top 10 m offshore of 30 km, but the positive u l values in the VOLUME 33 bottom layer occur over a much broader region in both x and z. There is also a patch of significant downward vertical velocity in the top 5 m. A patch is not obvious in the mean alongshelf velocity on the scale shown, though evidence of larger l is seen below 5 m and offshore of 30 km in the labels. This is the signature of a patch that exists from 30 km offshore to 200 km, the model boundary, signifying the southward movement of parcels in this region. In the plots as a function of final position, the surface negative u l region extends offshore of the coastal boundary and the positive u l patch in the bottom is offshore of 30 km. In contrast with August, this illustrates a more nearly symmetric response of parcels in the surface and bottom layers, which are advected about the same distance over similar layer depths. The negative w l patch is found from 25-m depth to the bottom as these parcels were advected downward along the entire sloping extent of the shelf (from 0 to 30 km offshore) during October. This downwelling response can be seen in the alongshelf Lagrangian velocity also. The final position of the region of l ϭ Ϫ0.07 m s Ϫ1 that is initially near the surface is near the bottom and slightly offshore, illustrating the same pattern as found in the vertical Lagrangian velocity.
In October, parcels originating in the offshore surface region are thus advected onshore and southward, and parcels originating onshore of this patch in the surface are advected downward. Clearly, since the parcels in the October simulation are subject to a much more consistent forcing of downwelling winds than those in August, the Lagrangian behavior in October is more straightforward.
Summary
The response on the continental shelf to upwelling and downwelling wind forcing is discussed and comparisons are made between modeled and observed fields.
K U E B E L C E R V A N T E S E T A L .
During stratified conditions in August, the mean upwelling response consists of a 5-m-thick surface layer advected offshore and a bottom layer of onshore velocities extending from the coast to 20 km offshore. A northward coastal jet is also present from the coast to 20 km offshore. The presence of intermittent downwelling winds complicates the overall dynamics in August. During unstratified conditions in October, the downwelling response is 15-m-thick surface (onshore advection) and bottom (offshore advection) layers and southward alongshelf velocities everywhere on the shelf, with the largest values at the surface offshore of 20 km. Asymmetries between the upwelling and downwelling response include a deeper surface mixed layer during downwelling and significant contribution of the nonlinear advection terms to the alongshelf momentum balance in depths less than 10 m during upwelling, but not during downwelling. In each month the region of high density variability extends from the coast to 10 km offshore and high alongshelf velocity variability extends from the coast to 20 km.
The details of a strong downwelling wind event during 4-5 September illustrate offshore advection of the density front and a shutdown of the across-shelf circulation in the region onshore of the front, where the water column is well mixed. The results from the downwelling event are in general agreement with those from the idealized downwelling study of Austin (1998) . The dominant alongshelf momentum balance is between the Coriolis and vertical diffusion terms, with a slight contribution from acceleration and advection. The surface and bottom Ekman layers grow throughout the event and merge in the region of the front. The vertical diffusion and advection of temperature dominate the balance in the temperature equation during this event, with a contribution from the tendency term in the frontal region. This event and other downwelling events in October are characterized by a decreased transport relative to the theoretical Ekman transport in both the surface and bottom layers.
In addition to the Eulerian analysis, the Lagrangian aspects of the shelf flow are explored. This is accomplished by utilizing the Lagrangian information that is directly available from the model solutions, that is, by calculating the motion of idealized fluid parcels that are advected by the model-resolved velocity field. Since small-scale turbulence is parameterized in the model, the direct effect of turbulence of fluid parcel trajectories is not represented. Nevertheless, determination of the model parcel trajectories provides new information about the three-dimensional Lagrangian characteristics of the model shelf flows that complements that obtained from the Eulerian analysis. The Lagrangian results give a useful, but incomplete, quantitative measure of fluid parcel displacements; the corresponding transport of passive tracers would be complicated by the effects of small-scale turbulent mixing processes. Two Lagrangian techniques are employed. These techniques produce similar results for the mean motion over each month of August and October, providing support for the Lagrangian label approach as a method for tracking fluid parcels. The label fields display significant advection in all three dimensions. In August, surface fluid is advected from the coast to 50 km offshore. The surface fluid initially within 20 km of the coast is advected northward about 100 km, while that initially offshore of 20 km is advected southward about 80 km. Deep fluid is advected upward and onshore near the coast. In October, fluid is advected as far as 100 km onshore in the top 10 m and 100 km offshore in the bottom 10 m. Southward displacements of up to 150 km are found, and fluid initially within 5 m of the surface and 20 km of the coast is advected downward and offshore along the sloping bottom boundary.
